Brucella melitensis is the cause of brucellosis in sheep and goats, which often results in abortion. Few cases of B. melitensis infection in goats have occurred in the United States over the last 25 years. However, vigilance must be maintained, as it is for the bovine milk industry, to ensure that brucellosis is not introduced into the U.S. goat population. The objective of this study was to develop a sensitive and specific indirect enzyme-linked immunosorbent assay (iELISA) for the detection of B. melitensis-specific antibodies in goat milk. Brucella salt-extractable protein extract was employed as an antigen, and a horseradish peroxidase-labeled polyclonal anti-goat antibody was used as an anti-species conjugate. Thirteen of 13 (100%) individual infected goat milk samples tested positive and 134 of 134 (100%) uninfected bulk milk samples tested negative by the developed iELISA. Three positive milk samples with high, medium, and low absorbance values were used to simulate one positive animal in an otherwise negative herd. By this estimation, one high-titer animal could be detected in a herd of >1,600 animals. Detection estimates for medium-and low-titer animals were one positive animal per herd of <200 and 50 animals, respectively. Based on this estimation, it is recommended that herds be sampled in groups of 50 animals or less for bulk milk testing. The iELISA developed for this study was found to be sensitive and specific and shows potential for use as a bulk milk test for the detection of B. melitensis-specific antibodies in goat milk.
Brucella species have impacted human and animal health for thousands of years (4, 18) . Brucellae cause disease in goats, cattle, sheep, pigs, dogs, marine mammals, and several wild animals. The focus of this work was to develop a sensitive and specific diagnostic test for the detection of anti-brucella antibodies in goat milk. Goats are the natural hosts for Brucella melitensis. Although the United States has reported the eradication of B. melitensis in animals since 1972 (5), sporadic outbreaks have occurred in relation to infected imported goats (10, 23) . For the health of American goat milk consumers, vigilance in brucella detection must continue for the goat milk industry just as it has for the bovine milk industry.
Brucella detection assays for goats are nearly the same as those for cattle because of the considerable genetic similarity between B. melitensis and B. abortus, and they have been extensively reviewed elsewhere (14) . All of these methods have primarily focused on the use of serum as a diagnostic specimen. To date, little has been done to develop and validate diagnostic tests to detect B. melitensis infections by using goat milk. The detection of B. abortus in cow milk has been successful for years by use of the milk ring test (19) . Because of a difference between the physiologic properties of goat and cow milk, the milk ring test does not perform well with goat samples (13) .
The objective of this study was to develop an indirect enzyme-linked immunosorbent assay (iELISA) for the detection of B. melitensis-specific antibodies in goat milk. Brucella saltextractable protein extract (BCSP) has been used as an antigen for the detection of B. abortus in cattle (21) and is used here as an antigen for iELISA.
MATERIALS AND METHODS
Antigen preparation. A whole-cell sonicate (WCS) was prepared from heatkilled B. melitensis strain 16 M (National Veterinary Services Laboratories, Ames, Iowa). Cells were sonicated at 30 Hz for 15 min with a Sonifier 250 (Branson Ultrasonics Corp., Danbury, Conn.).
Brucella salt-extractable proteins were prepared as described previously (20) . Methanol-killed B. abortus strain 1119-3 cells (National Veterinary Services Laboratories) were combined with 1 M NaCl-0.1 M sodium citrate (0.2 g per ml) and stirred overnight at 5°C. The suspension was centrifuged at 10,000 ϫ g at 5°C for 20 min. This process was repeated, and the supernatants were then combined and dialyzed against 100 volumes of 5 mM NH 4 HCO 3 . The supernatant was again centrifuged at 10,000 ϫ g for 30 min at 5°C and then was precipitated with solid (NH 4 ) 2 SO 4 at 70% saturation for 16 h at 5°C. The precipitate was centrifuged at 15,000 ϫ g, reconstituted in a minimal volume of 5 mM NH 4 HCO 3 , and dialyzed against 100 volumes of 5 mM NH 4 HCO 3 . The resulting solution was freeze-dried, adjusted to a concentration of 1.0 mg of protein/ml, and stored at Ϫ70°C. Protein, carbohydrate, and 2-keto-3-deoxyoctulosonic acid (KDO) were measured as described previously (7, 12, 21, 22) .
Animal inoculation. Sixteen female goats were inoculated with a 50-l volume containing 10 7 CFU of B. melitensis strain 16 M into each conjunctival sac (100 l total). This work was performed at the Louisiana State University AgCenter in a state-and U.S. Department of Agriculture-approved large-animal isolation unit. The mean time to necropsy was 38 days (range, 15 to 50 days). B. melitensis strain 16 M was isolated from tissues and milk of all infected goats (1, 8) . Serum samples from all goats were positive by the card test (1) .
Milk samples. Milk samples from experimentally inoculated animals which were positive by both the card test and cell culture were obtained at necropsy. Sixteen positive milk samples were received from the Louisiana State University AgCenter. Three mucoid samples were not used because their consistency made precise volume measurements impossible. One-half of a milliliter of each of the remaining 13 positive samples was combined for use as a pooled positive control for tests of assay specificity with negative milk samples.
Negative milk samples used for specificity determinations came from bulk milk samples from 134 goat herds in the United States; samples were obtained from Wisconsin (69), California (30), Vermont (21), Michigan (7), and New York (7). Herd sizes ranged from 20 to 1,200 animals (median ϭ 95). These samples were assumed to be negative for brucellae, as B. melitensis has been eradicated from the United States since 1972 (5) and there was no history of chronic abortions in any herd. A pooled milk sample from three individual healthy goats was used as a negative control throughout the experiment. The cream was separated and removed from all milk samples by centrifugation at 2,000 ϫ g for 20 min before testing.
iELISA for antibodies in milk. The iELISA procedure was performed as previously described (21) . Briefly, 96-well plates (Nalge Nunc International, Rochester, N.Y.) were coated with 100 l of 0.1-g/ml BCSP or WCS suspended in 0.05 M Na 2 CO 3 and then incubated overnight at 5°C. The plates were washed five times with 0.1 M phosphate-buffered saline plus 0.05% Tween 80 (PBST) (Difco Laboratories, Detroit, Mich.) for 5 min each time. One hundred microliters of a 1/100 dilution of milk in PBST was plated and incubated for 2 h at room temperature. The plates were again washed with PBST as described earlier.
One hundred microliters of horseradish peroxidase-conjugated rabbit polyclonal anti-goat immunoglobulin G (heavy plus light chains) (Bethyl Laboratories, Inc., Montgomery, Tex.) diluted 1/2,000 was added to each well of the plate. The plates were again incubated for 2 h at room temperature or overnight at 5°C. The plates were then washed with PBST and a single wash of distilled water before a substrate solution consisting of 0.2 mM 2,2Ј-azino-di-[3-ethylbenzthiazoline sulfonate] (6) (ABTS; Sigma Chemical Co., St. Louis, Mo.) and 5 mM H 2 O 2 (0.015%) in 50 mM citrate buffer (pH 4.0) was added to produce a color change. The reaction was stopped after 10 min by the addition of 1 mM sodium azide. A plate reader (Bio-Tek Instruments, Winooski, Vt.) was used to read the absorbance at 492 nm. All samples were tested in duplicate, with average absorbance values being reported. Antigens, milk samples, and the anti-species conjugate were titrated for optimal assay performance.
Positive bulk milk simulation. To simulate the presence of one positive animal in a bulk milk sample, we chose high-, medium-, and low-titer positive milk samples and serially diluted them in B. melitensis-negative milk. The resulting dilutions were tested at a 1/10 dilution in PBST, and the average absorbance values from two separate trials were reported. This estimation assumed that equal volumes of milk were produced by infected and uninfected goats.
RESULTS
Chemical assays. BCSP extract and WCS were both investigated for the ability to bind brucella antibodies in infected goat milk. The results of chemical assays performed with BCSP and WCS are presented in Table 1 . When expressed as proportions of the protein concentration, both the KDO content and the carbohydrate concentration were higher for the BCSP antigen than for WCS.
Comparison of BCSP and WCS antigens. There was a marked difference in the absorbance values of pooled positive milk against BCSP and those against WCS (Fig. 1) . The maximal absorbance from a pooled positive milk sample with BCSP as the antigen was 0.8 absorbance units, in contrast to 0.4 absorbance units with WCS as the antigen. The titration kinetics with positive pooled milk and BCSP showed a larger change in absorbance as a function of the milk dilution than that with WCS. The titration kinetics with negative pooled milk were very similar for both BCSP and WCS. Only BCSP was used to determine the sensitivity and specificity of detection.
Sensitivity and specificity. Single 1/100 dilutions of individual positive and duplicate negative milk samples were tested by iELISA, and absorbance values were reported (Fig. 2) . Table 2 ranged from 0 to 0.0405. The average positive absorbance was 0.62 (confidence interval, 0.51 to 0.73; ␣ ϭ 0.01), and the average negative absorbance was 0.0016 (confidence interval, 0.00092 to 0.0023; ␣ ϭ 0.01). The absorbance values for the negative samples were skewed toward zero, with a median negative absorbance of 0.0. To maximize specificity and maintain sensitivity, we chose a positive-negative cutoff of 0.1 absorbance units. The BCSP iELISA detected all of the individual positive samples (n ϭ 13) and did not detect antibodies in any of the negative samples (n ϭ 134) (Fig. 2) . Bulk milk simulation. To assess the ability of the assay to detect antibodies in bulk milk, we chose three positive samples (high, medium, and low titers) from the individual milk samples and serially diluted them in B. melitensis-negative milk. Each dilution was tested at a 1/10 dilution in PBST (Fig. 3) .
The high-titer positive sample was readily detected in milk to a dilution of 1/1,600. The medium-and low-titer positive samples remained positive to 1/200 and 1/50 dilutions, respectively.
DISCUSSION
The objective of this study was to develop a sensitive and specific diagnostic test for the detection of B. melitensis antibodies in goat milk, with the focused application of testing bulk milk samples. BCSP has previously been shown in other investigations to be an efficient antigen for the detection of brucella antibodies in serum (21) . Nonspecific cross-reacting antibodies in uninfected animals against brucella lipopolysaccharide (LPS) have been shown for several different pathogens, including Escherichia coli, Yersinia enterocolitica, and Pseudomonas solanacearum (11, 15, 17) . LPS is commonly used as an antigen in most iELISA formats (16) . While the presence of LPS in BCSP extract cannot be ruled out (Table 1) , the BCSP extract used for our iELISA was based on protein content. The results show that no false-positive results were encountered with uninfected bulk milk samples tested by the BCSP iELISA.
It should be noted that bulk milk samples were used instead of individual milk samples to determine specificity. The primary application for the development of this iELISA was its use for bulk milk samples, and therefore bulk milk was used instead of individual milk samples. Also, because of the ease of collection, a large number of herd samples were obtained from many different areas in the United States, representing Ͼ22,000 animals. There was no difference noted in the results for uninfected bulk milk samples and those for the individual animals used to make up the pooled negative control. However, the possibility remains that nonspecific antibodies may have been diluted in bulk milk and that the absorbance values for false-positive results therefore fell below the limit of de- tection. More milk samples from individual animals would be required if this test were to be evaluated for use with individual milk samples. The iELISA cutoff point was determined by assessing the range between positive and negative samples. Other more empirical methods have been used to set positive-negative cutoff values (2, 6, 9) . Conventional statistical methods for cutoff determination are not applicable given the relatively small number of positive samples available for assay analysis. Ideally, methods such as receiver-operator characteristic analysis would be used to optimize specificity and sensitivity. The range of absorbance values between the highest negative absorbance and the lowest positive absorbance was 0.016 to 0.37. Any cutoff point determined within this range would give 100% sensitivity, 100% specificity, and an area under the curve of 1.0 in a receiver-operator characteristic analysis. The cutoff point of 0.1 was therefore arbitrarily chosen, keeping in mind the need to adjust this value upon testing more positive individual and bulk milk samples. Also, methods such as adding 2 or 3 standard deviations to the mean are not applicable in this case, as the results for the negative samples did not have a normal distribution, which would be required for implementation of this method.
To determine the sensitivity of the assay, we used 13 milk samples from goats that were experimentally infected with B. melitensis strain 16 M. Western blotting using BCSP has shown that there is a strong antibody response during infection with B. abortus or B. melitensis in cattle and goats, respectively (3; unpublished data). BCSP has also been shown to be effective for detecting B. abortus infections in cattle by iELISA (21) . Figure 2 shows that goats infected experimentally with B. melitensis produced antibodies against BCSP and that uninfected goats did not.
Because of the scarcity of milk from B. melitensis-infected goats in the field in the United States, samples from experimentally infected goats were used. Note that the immunologic response under experimental conditions may not be equivalent to that seen during natural infections. However, the experimentally infected animals were inoculated with a dose of 10 7 CFU of B. melitensis strain 16 M, which has been shown to consistently infect goats and to induce abortions (8) . These experimentally infected goats showed high-level immune responses to BCSP prepared from B. abortus strain 1119-3, indicating that there are conserved antigenic elements between species and strains which may be encountered under natural conditions. It is therefore predicted that the antibody response to BCSP during a natural field infection with B. melitensis would be similar to those produced experimentally.
Bulk samples containing milk taken from herds that were naturally infected with B. melitensis were not available; thus, simulated bulk milk samples containing one positive sample with a high, medium, or low antibody titer were used. For ease of estimation, it was assumed that equal volumes of milk are produced by infected and uninfected animals. Figure 3 shows that one animal with a high antibody titer would be detected in a bulk milk sample from herds with Ͼ1,600 animals. This number of animals is larger than most herd sizes in the United States. However, if infection produced only a medium or low titer, the ability to detect an infected animal would be limited to a herd size of about 200 animals or less. On the basis of the results shown in Fig. 3 , it is recommended that large herds be sampled in groups of 50 animals or less for bulk milk testing.
An unknown factor that was not addressed in this study pertains to the duration of the antibody response. The positive milk samples were collected at necropsy from experimentally infected animals from 15 to 50 days postinfection. It is not known how long a positive titer is maintained after infection; therefore, further study would be needed to determine the time course of the antibody response in milk and the frequency of bulk milk testing needed to ensure that brucella-infected animals are detected before infection spreads through the herd.
